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Abstract Wemeasured the effect of pressure on the compressional and shear wave velocity (VP, VS) as well
as density of Fe-bearing bridgmanite, Mg0.96(1)Fe

2+
0.036(5)Fe

3+
0.014(5)Si0.99(1)O3, using impulsive stimulated light

scattering, Brillouin light scattering, and X-ray diffraction, respectively, in diamond anvil cells up to 70 GPa at
300 K. A drastic softening of VP by ~6(±1)% is observed between 42.6 and 58 GPa, while VS increases
continuously with increasing pressure. A significant reduction in Poisson’s ratio from 0.24 to 0.16 occurs at
~42.6–58 GPa, while VS increases by ~3(±1)% above ~40 GPa compared to MgSiO3-bridgmanite.
Thermoelastic modeling of the experimental results shows that the observed elastic anomaly of Fe-bearing
bridgmanite is consistent with a spin transition of octahedrally coordinated Fe3+ in bridgmanite. These
results challenge traditional views that Fe enrichment will reduce seismic velocities, suggesting that seismic
heterogeneities in the mid-lower mantle may be due to a spin transition of Fe in Fe-bearing bridgmanite.

Plain Language Summary Seismic heterogeneities in the Earth’s lower mantle have been
attributed to thermal and/or chemical variations of constituent minerals. Bridgmanite is the most
abundant lower-mantle mineral and contains Fe and Al in its structure. Knowing the effect of Fe on
compressional and shear wave velocities (VP, VS) and density of bridgmanite at relevant
pressure-temperature conditions can help to understand seismic heterogeneities in the region. However,
experimental studies on both VP and VS of Fe-bearing bridgmanite have been limited to pressures below
40 GPa. In this study, VP and VS of Fe-bearing bridgmanite were measured up to 70 GPa in the diamond anvil
cell. We observed drastic softening of VP by ~6(±1)% at 42.6–58 GPa and increased VS at pressures above
40 GPa. We interpret these observations as due to a spin transition of Fe3+. These observations are different to
previous views on the effect of Fe on seismic velocities of bridgmanite. We propose that the abnormal
sound velocities of Fe-bearing bridgmanite could help to explain the seismically observed low correlation
between VP and VS in the mid-lower mantle. Our results challenge existing models of Fe enrichment to
explain the origin of Large Low Shear Velocity provinces in the lowermost mantle.

1. Introduction

Our understanding of the Earth’s deep interior is based primarily on interpretation of seismic data using elas-
tic and rheological properties of candidate minerals (e.g., Badro et al., 2005, Garnero & McNamara, 2008,
Trampert et al., 2004). For example, thermal perturbation (higher temperature) is expected to lower velocity
and density relative to the averaged mantle reference, while chemical perturbation, such as iron enrichment,
is linked with increased density and reduced VP and VS (Garnero et al., 2016; Karato & Karki, 2001). Recent seis-
mic studies have revealed large lateral velocity variations, referred to as seismic heterogeneities, in the mid-
dle part of the Earth’s lower mantle, indicating thermal and/or chemical variations (ΔT, ΔX) in the region (e.g.,
Deschamps et al., 2007; Garnero et al., 2007; Masters et al., 2000; Simmons et al., 2010; Trampert et al., 2004;
van der Hilst & Kárason, 1999). Furthermore, seismological observations have indicated a global disruption of
fast VP at ~1,700 km depth in the mid-lower mantle, which cannot be explained by temperature variations
alone (Trampert et al., 2004; van der Hilst & Kárason, 1999). As a particular example of thermal and chemical
variations in the deep mantle, two large low shear velocity provinces (LLSVPs) were observed beneath Africa
and the Central Pacific regions at the base of the mantle, showing lower-than-average VS (e.g., Garnero et al.,
2016, Garnero & McNamara, 2008). LLSVPs can extend vertically as far up as 1,200 km above the core-mantle
boundary (He &Wen, 2012; Tanaka et al., 2009) and are thus regarded as the most voluminous geological fea-
tures of the Earth. The origin of LLSVPs has been attributed to either a higher-than-average temperature, Fe
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enrichment, or primordial material in the region (Davies et al., 2015; Fukui et al., 2016; Garnero et al., 2016; Lee
et al., 2010). To better interpret these seismic observations in the lower mantle, comprehensive knowledge of
chemical variation-induced velocity and density changes, especially due to Fe (∂VP,S/∂Fe) and Al (∂VP,S/∂Al)
enrichment, of candidate lower-mantle minerals as a function of pressure-temperature (P-T) is critically
needed.

Both geochemical and geophysical evidence indicate that (Al,Fe)-bearing bridgmanite [(Mg,Fe)(Al,Fe,Si)O3] is
the most abundant mineral in the Earth’s lower mantle, accounting for ~75% in volume (e.g., Irifune et al.,
2010; Kesson et al., 1998; Lin et al., 2013; Ringwood, 1975). Of particular relevance to interpreting the afore-
mentioned thermal and chemical variations are the VP, VS and density profiles of (Al,Fe)-bearing bridgmanite
at the relevant high P-T conditions of the lower mantle. Previous studies have shown that bridgmanite can
accommodate as much as 10 mol.% Al, together with a substantial coupled substitution of Fe, about
11 mol.%, in its structure at mid-lower mantle conditions (Irifune et al., 2010; Xu et al., 2017). The incorpora-
tion of Fe in different spin and valence states in bridgmanite has been reported to influence its physical prop-
erties, such as elastic and transport properties (Chantel et al., 2012; Hsieh et al., 2017; Kurnosov et al., 2017; Li
& Zhang, 2005; Liu et al., 2018; Mao et al., 2017; Murakami et al., 2012; Shukla et al., 2016; Wentzcovitch et al.,
2004). While the thermal equation of state (EoS) of bridgmanite has been studied extensively (Boffa Ballaran
et al., 2012; Dorfman et al., 2013; Lundin et al., 2008; Mao et al., 2017; Wolf et al., 2015), acoustic velocity results
at high P-T are rare (Chantel et al., 2012; Jackson et al., 2005; Kurnosov et al., 2017; Li & Zhang, 2005; Murakami
et al., 2007; Murakami et al., 2012). Thus far, experimental studies on both VP and VS of bridgmanite are still
limited to pressures below 40 GPa due to technical limitations, such as the VP peak of bridgmanite overlap-
ping the diamond VS peak at high pressure when using the Brillouin light scattering method. The influence of
the Fe spin transition on the elasticity of Fe-bearing bridgmanite remains experimentally elusive. Further pre-
cise measurements on VP, VS and the density of Fe-bearing and (Al,Fe)-bearing bridgmanite at relevant P-T
conditions of the lower mantle are critically needed to better understand seismic observations in the
deep mantle.

Here we conducted Brillouin light scattering (BLS) and impulsive stimulated light scattering (ISLS) measure-
ments on polycrystalline Fe-bearing bridgmanite Mg0.96(1)Fe

2+
0.036(5)Fe

3+
0.014(5)Si0.99(1)O3 (Bgm5, Fe3+/Σ

Fe = 0.28 ± 0.06) up to 70 GPa at room temperature in diamond anvil cells. These experimental results,
together with synchrotron X-ray diffraction (XRD) data, are used to derive VP, VS, ρ, adiabatic bulk modulus
(KS), shear modulus (μ), and Poisson’s ratio (ν) of the sample at lower-mantle pressures. Together with ther-
moelastic modeling, our results reveal the effects of the Fe spin transition on the elasticity of Fe-bearing
bridgmanite at lower-mantle pressures. These results are further applied to understand possible seismic het-
erogeneities of the lower mantle that are caused by Fe chemical variation on VP and VS (ΔVP/ΔFe and ΔVS /ΔFe)
of lower-mantle bridgmanite.

2. Experiments

We synthesized polycrystalline bridgmanite (run number 5K2694) using Fe-bearing glass as the starting
material at the Institute for Planetary Materials, Okayama University at Misasa (supporting information
Text S1). The synthesized bridgmanite sample was measured using conventional Mӧssbauer spectroscopy
at ambient conditions to determine the relative abundance of Fe2+ and Fe3+. Analysis of the Mӧssbauer spec-
trum indicates that the sample contains 28(±6)% of Fe as Fe3+ (Figure S1). Based on the electron microprobe
analysis and Mӧssbauer data, the sample was chemically homogeneous with a composition of Mg0.96(1)
Fe2+0.036(5)Fe

3+
0.014(5)Si0.99(1)O3. The formula is charge balanced with three oxygen atoms within experimental

uncertainties. Based on these data and considering their respective precision limitations, Fe2+ occupies the
A site while the site occupancy of Fe3+ could not be unambiguously determined from these data. XRD mea-
surements of the sample at ambient conditions were conducted, affirming well-crystallized polycrystalline
bridgmanite with orthorhombic structure (Pbnm) and lattice parameters a = 4.7832(4) Å, b = 4.9515(3) Å,
and c = 6.9011(5) Å (Figures S2 and S3 in the supporting information). Scanning electron microscope and
electron backscattered diffraction experiments were conducted on Bgm5 sample to determine its grain size
and grain orientations, respectively, in the Electron Microbeam Laboratories of the Department of Geological
Sciences at The University of Texas at Austin. Analysis of the scanning electron microscope results indicates
that the Bgm5 typically has a grain size of ~2–4 μm and the electron backscattered diffraction patterns show
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the sample to have grains with randomly distributed orientation without apparent texture or crystallographic
preferred orientation (supporting information Figures S4 and S5).

High-pressure BLS and ISLS measurements were performed on the polycrystalline Bgm5 sample up to 70 GPa
in a short symmetric DAC in the Mineral Physics Laboratory of the Department of Geological Sciences at The
University of Texas at Austin. A 250 μm thick Re gasket was preindented to 42 μm thick using a pair of dia-
mond anvils with 300-μm culets. A hole with a diameter of 190 μm was drilled into the preindented area
to be used as the sample chamber. A Bgm5 platelet with a diameter of 70 μm was polished on both sides
to 20-μm thickness and then loaded into the chamber. We conducted two high-pressure runs for BLS and
ISLS: in the first run (Run 1), neon was used as the pressure medium up to 52 GPa, while helium, which pro-
vides conditions closer to hydrostatic, was used as the pressure medium up to 70 GPa in the second run (Run 2).
A small ruby sphere was used as the pressure calibrant and was placed in each chamber adjacent to the sample
(Dewaele et al., 2008; Mao et al., 1986). Pressure uncertainties were estimated from analysis of the measured
ruby fluorescence spectra before and after experiments. Bridgmanite is stable at pressures above
approximately 23 GPa, and thus, the pressure of the loaded samples was increased to 24 GPa for BLS and
ISLS measurements in order to avoid potential sample degradation due to laser radiation at pressures below
its stability field. Detailed setups of the BLS and ISLS system are described in supporting information Text S2
(Fu et al., 2017; Yang et al., 2015). Collection of BLS and ISLS spectra typically took ~1–2 hr and ~4–6 hr, respec-
tively. Pressure intervals for the measurements were ~4–6 GPa at pressures below 40 GPa and ~1–2 GPa above
40 GPa. Analysis of the measured BLS and ISLS spectra was performed to determine VS and VP, respectively, of
the sample at high pressures (Figures 1, S7, and S8).

3. Results and Discussion

Both VS and VP of Bgm5 were obtained up to 70 GPa in diamond anvil cells using the combination of BLS and
ISLS techniques (Figure 2 and Table S1). Brillouin spectra show strong symmetric VS peaks with high signal-to-
noise ratio and high-quality VP could be derived from analysis of the impulsive spectra at high pressures
(Figures 1, S7, and S8). These results show that VS increases monotonically across the whole experimental
range, while VP shows a significant softening between 42.6 GPa and 58 GPa, but then increases again with

Figure 1. Representative Brillouin light scattering, impulsive stimulated light scattering, and power spectra of polycrystalline bridgmanite Mg0.96(1)Fe
2+
0.036(5)

Fe3+0.014(5)Si0.99(1)O3 (Bgm5) at high pressures and 300 K. (a–c) In Brillouin spectra, open black circles are experimental data and red lines show fitted spectra for
VS. Fourier transformation was employed on the collected time domain (d–f) impulsive stimulated light-scattering spectra to derive the (g-i) frequency domain power
spectra and the VP of the sample at corresponding pressures (see supporting information for detailed data analysis). The insert in Figure 1h shows a representative
sample chamber image with Bgm5, a ruby sphere as the pressure calibrant and helium pressure medium at 50.9 GPa.
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pressure up to 70 GPa. At pressures below 30 GPa, both VP and VS of
our Bgm5 sample are consistent, within uncertainty, with an earlier
ultrasonic study on bridgmanite with composition
Mg0.95Fe

2+
0.04Fe

3+
0.01SiO3 (Chantel et al., 2012). However, above 40 GPa,

the VS determined for Bgm5 is 3%–4% higher than that measured
using BLS for pure MgSiO3-bridgmanite as well as Al-bearing bridg-
manite containing 4 wt % Al2O3 (Murakami et al., 2007, 2012). On
the other hand, VP of Bgm5 is up to ~10% lower than the extrapolated
value for pure MgSiO3-bridgmanite between 42.6 and 58 GPa
(Chantel et al., 2012; Karki et al., 1997). Based on the measured VS
and VP, we have calculated the aggregate KS and μ of Bgm5 at high
pressure using the following equations:

KS ¼ ρ V2
P �

4
3
V2
S

� �
(1)

μ ¼ ρV2
S (2)

where ρ is the density of the sample under the corresponding pres-
sures, which were obtained from complementary XRD results. The
derived values of KS and μ below 42.6 GPa are in good agreement
with previous studies on (Al,Fe)-bearing bridgmanite (Figure 3a)
(Chantel et al., 2012; Jackson et al., 2005; Kurnosov et al., 2017), while
Ks softens drastically by 25(±4)% between 42.6 and 58 GPa. We note
that the results between Run 1 and Run 2 using Ne and He as pressure
medium, respectively, are consistent with each other at pressures
below 38 GPa, while there is a slight difference at higher pressures
up to 52 GPa. Such a difference might arise from deviatoric stress in
the Ne pressure medium at higher pressures. Therefore, all discussion
and modeling in this study are based on the experimental data from
Run 2 using the He pressure medium.

In order to further decipher the thermoelastic behavior of Bgm5 at high pressure, third-order Eulerian
finite-strain equations were used to derive KS0 and μ0 at ambient conditions and their pressure derivatives
at pressures below 42.6 GPa and above 58 GPa, respectively. The best fit yields (∂KS/∂P)300K = 3.3 (±0.3),
(∂μ/∂P)300K = 1.91 (±0.02), with KS0 = 254 (±8) GPa, and μ0 = 166.2 (±0.5) GPa below 42.6 GPa and
(∂KS/∂P)300K = 3.5 (±0.4), (∂μ/∂P)300K = 1.54 (±0.11), with KS0 = 234 (±11) GPa, and μ0 = 190.0 (±0.7) GPa above
58 GPa (Table S3). These aggregate elastic moduli behave quite differently in these two pressure ranges: μ
shows a lower-pressure derivative for P > 58 GPa compared to P < 42.6 GPa, while KS displays the opposite
behavior (Figure 3).

Earlier studies have indicated that drastic softening of KS and VP could occur across the spin transition of Fe in
lower-mantle Fe-bearing minerals, such as ferropericlase, magnesiosiderite, and the new hexagonal alumi-
nous phase (Fu et al., 2017; Lin et al., 2013; Wu et al., 2013, 2016; Yang et al., 2015). Similarly, but distinct from
the aforementioned Fe-bearing minerals, the spin and valence transitions of Fe in bridgmanite have been
much debated due to its complicated crystal chemistry as well as the coupled substitution possibility of Al
and Fe in crystallographic sites of bridgmanite (Catalli et al., 2010, 2011; Dorfman et al., 2015; Hsu et al.,
2011; Lin et al., 2016; Mao et al., 2015). The current consensus is that both ferrous (Fe2+) and ferric (Fe3+) iron
can be incorporated into bridgmanite, where Fe3+ can occupy both the large dodecahedral site (A site) and
octahedral site (B site), while Fe2+ only occupies the A site (Lin et al., 2016; Mao et al., 2015; Shukla et al., 2016).
In contrast, when Al3+ is incorporated into bridgmanite, Al3+ preferentially occupies the B site via a charge-
coupled substitution in which Fe3+ enters the A site to replace Mg2+ (Hummer & Fei, 2012; Mao et al.,
2017; Potapkin et al., 2013). A survey of recent theoretical and experimental studies indicates that B-site
Fe3+ in bridgmanite will undergo a high-spin (HS) to low-spin transition at high pressures (Catalli et al.,
2010; Hsu et al., 2011; Lin et al., 2012; Mao et al., 2015; Shukla et al., 2016). A noticeable volume collapse of
~0.5(±0.1)% has been observed across the spin transition between 18 and 25 GPa from P-V data at 300 K

Figure 2. Aggregate compressional and shear wave velocities (VP, VS) of polycrys-
talline bridgmanite Mg0.96(1)Fe

2+
0.036(5)Fe

3+
0.014(5)Si0.99(1)O3 (Bgm5) as a function

of pressure at 300 K. Solid circles are experimental data from two runs, where the
cell was loaded with neon in the first run (Run 1, green circles) and loaded with
helium in the second run (Run 2, red circles), and blue circles are results from Run 2
during decompression. Solid black lines are modeled velocity profiles of Run 2
using thermoelastic equations. Data from Run 2 in He medium were used in the
thermoelastic modeling (Run 1 data were not used because of suspected nonhy-
drostaticity at higher pressures; see supporting information for details). Previous
literature results on bridgmanite with different compositions are plotted for
comparison. References are shown in the legend. The softening of VP at 42.6–
58 GPa in this study is consistent with theoretical predictions in Fe-bearing
bridgmanite [(Mg0.95Fe0.05)(Si0.95Fe0.05)O3, Bgm10] across the spin transition of
B-site Fe3+ at high pressures (blue dashed line) (Shukla et al., 2016), but our
observed VP softening with 1.5 mol.% Fe3+ in bridgmanite sample is much more
profound. Uncertainties are smaller than symbols when not shown.
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in bridgmanite with composition (Mg0.9Fe0.1)SiO3 containing 20%
Fe3+ (Mao et al., 2015), and recent experimental study observed
~1.9% volume decrease within the spin transition of B-site Fe3+ in
ferric-iron-only bridgmanite (Mg0.46Fe

3+
0.53)(Fe

3+
0.51Si0.49)O3 (Liu et al.,

2018). In contrast, both Fe3+ and Fe2+ in the A site have been reported
to remain in the HS state throughout the entire lower-mantle pressure
range (24–130 GPa) (Dorfman et al., 2015; Hsu et al., 2010, 2011; Lin
et al., 2016). Additionally, A-site Fe2+ will undergo an enhanced lattice
distortion at ~18–30 GPa, which results in extremely high quadrupole
splitting (Catalli et al., 2010, 2011; Lin et al., 2012; McCammon et al.,
2010; Narygina et al., 2010). The extremely high quadrupole splitting
has alternatively been interpreted as the occurrence of the
intermediate-spin state in bridgmanite (Hsu & Wentzcovitch, 2014;
Lin et al., 2008; McCammon et al., 2008). Theoretical calculations have
indicated that while A-site Fe2+ experiences lattice distortion in the HS
state, the spin transition of B-site Fe3+ in bridgmanite would induce a
volume reduction as well as a softening of VP within the spin transi-
tion at 40–60 GPa (Hsu et al., 2011; Shukla et al., 2016). Analysis of
the measured compression curve of Bgm5 from XRD data at 300 K
also shows an abnormal reduction of ~0.8(±0.1)% in the unit cell
volume between 44 and 61 GPa using the modeled EoS below
42.6 GPa as a reference (supporting information Figure S9).
Considering the aforementioned discussion on the spin and valance
states of Fe (both Fe2+ and Fe3+) in bridgmanite at high pressure,
together with the measured velocities and EoS of Bgm5, the observed
VP softening and normal VS increase at ~42.6–58 GPa are most likely
associated with a spin transition of B-site Fe3+.

To explain the observed elasticity behavior in Bgm5 at high pressures,
we followed a theoretical modeling approach (Fu et al., 2017; Shukla
et al., 2016; Wu et al., 2013) to calculate the elastic properties of
orthorhombic-structured bridgmanite across the spin transition of
B-site Fe3+ at high pressure (see supporting information for details).
We obtained remarkable consistency between experimental data
and modeled results for VP and VS of Bgm5 across the spin transition
(Figures 2 and 3). Compared to the extrapolated HS state, VP is signif-

icantly softened by asmuch as ~6(±1)%, and KS is softened by up to 25(±4)% across the spin transition. On the
other hand, the change in VS within VP softening range is below the detection limit; hence, it appears to
increase normally with increasing pressure. The observed softening of VP in Bgm5 containing ~1.4 mol.%
Fe3+ is comparable in magnitude to that of bridgmanite containing 5 mol.% B-site Fe3+ across the spin transi-
tion from ab initio calculations (Shukla et al., 2016). This indicates that a small amount of Fe3+ in bridgmanite
undergoing a spin transition could significantly decrease VP beyond current theoretical predictions.
Furthermore, due to the decrease of VP and normal increase in VS in Bgm5 across the pressure range, the cal-
culated Poisson’s ratio, which is almost constant at ~0.24 at pressures below 42.6 and above 58 GPa, shows a
significant reduction to a minimum value of 0.16 at approximately 52 GPa, midway within the VP
softening range.

To quantitatively understand the effects of Fe on the elasticity of bridgmanite at high pressures, we com-
pared the measured density and velocities of Bgm5 in this study with those of pure MgSiO3-bridgmanite
(Figures 4, S10, and S11; Boffa Ballaran et al., 2012; Chantel et al., 2012; Karki et al., 1997; Murakami et al.,
2007). At pressures below 42.6 GPa, VP of Bgm5 is reduced by ~2–3% due to the substitution of 5 mol.%
Fe in bridgmanite. Within the VP softening range of 42.6–58 GPa, VP of Bgm5 is ~10% lower than that of
MgSiO3-bridgmanite. At pressures above 58 GPa, bridgmanite shows velocity profiles distinct from those
of extrapolated HS Bgm5. Specifically, VP of Bgm5 is 1–2% lower than that of the extrapolated HS state.

Figure 3. Elastic moduli and Poisson’s ratio of polycrystalline bridgmanite
Mg0.96(1)Fe

2+
0.036(5)Fe

3+
0.014(5)Si0.99(1)O3 (Bgm5) at high pressures and 300 K. (a)

Aggregate adiabatic bulk modulus (KS) and shear modulus (μ), (b) Poisson’s ratio
(ν). Solid circles: experimental data from two runs; solid lines: best fits to experi-
mental Run 2 data using thermoelastic equations (see supporting information for
details); dashed lines: extrapolated results of high-spin bridgmanite from this
study for comparison. The blue area represents the modeled spin transition region
of B-site Fe3+ in Fe-bearing bridgmanite. Previous literature reports on
bridgmanite with different compositions are also plotted for comparison. A
representative error bar for the Poisson’s ratio is plotted as a vertical line in the
upper corner in Figure 3b. Uncertainties are smaller than symbols when not
shown.
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The modeled results in Figure 4 indicate that the incorporation of Fe
in bridgmanite associated with a density increase would decrease
VP strongly with ΔVP/ΔFe ~�0.05 km s�1/mol.% for pressures below
42.6 GPa, ~�0.25 km s�1/mol.% within the VP softening range, and
~�0.1 km s�1/mol.% for pressures above 58 GPa. On the other hand,
the effects of Fe on VS appear to vary significantly with pressure. VS of
Bgm5 decreases by ~1–2% below 30 GPa, while the effect of Fe on VS
gradually becomes positive with pressure, increasing up to 70 GPa. In
particular, VS of Bgm5 is elevated by as much as ~3(±1)% at pressures
above 40 GPa compared to MgSiO3-bridgmanite. As a result, a slightly
increased VS with ΔVS/ΔFe of ~0.05 km s�1/mol.% is expected at
pressures above 40 GPa.

4. Geophysical Implication

The observed drastic decrease of VP at 42.6–58 GPa and the increase
of VSwith increasing Fe in bridgmanite can greatly affect the interpre-
tation of seismological heterogeneities of the Earth’s lower mantle.
Tomographic modeling of lower-mantle seismic wave velocities indi-
cates that some ancient subducted slabs could penetrate deeply into
the lowermost mantle, displaying fast VS (Masters et al., 2000;
Shephard et al., 2017; Simmons et al., 2010). Subduction slabs tend
to show notable VP anomalies at a depth greater than ~1,500 km
where VP and VS are not strongly correlated (Masters et al., 2000;
Simmons et al., 2010). Furthermore, VP and VS show a weak and
almost negative correlation with depths at ~2100 km. This seismic
signature has been attributed to either chemical heterogeneities or
lateral temperature variations coupled with a spin transition in
lower-mantle minerals (Simmons et al., 2010; Wu & Wentzcovitch, 2017).

Previous studies have indicated that Al-depleted harzburgite or
pyroxenite could be subducted into the lower mantle, enriching
lower-mantle regions with Fe-rich and Al-depleted material (Irifune
et al., 2010; Konter et al., 2016; Xu et al., 2008; Yoshida, 2013). Such
chemically distinct Fe-rich, Al-depleted materials could produce Fe-
bearing bridgmanite in the lower mantle that would be seismically
distinct from (Al,Fe)-bearing bridgmanite with pyrolitic composition.
Previous experimental data indicate that thermal effects at lower-

mantle pressures would decrease both VP and VS of bridgmanite with ∂VP/∂T ≈ � 2.8 × 10�4 km/(s · K),
∂VS/∂T ≈ � 2.3 × 10�4 km/(s · K) (Figure S12; Chantel et al., 2012; Li & Zhang, 2005; Murakami et al., 2012).
Therefore, VS and VP of Fe-bearing bridgmanite in colder ancient subducted slabs are expected to be higher
than velocities of the averaged bulk mantle. Based on our study and recent theoretical predictions (Hsu et al.,
2011; Shukla et al., 2016), the spin transition of B-site Fe3+ could affect the velocity profiles of Fe-bearing
bridgmanite down to mid-lower mantle P-T conditions. As a result, the VP increase due to relatively cold tem-
peratures in Fe-rich subductedmaterial could be canceled out by VP softening arising from the spin transition
of B-site Fe3+, while the VS increase would be magnified in these regions (Figure S13). Considering the broa-
dened spin crossover pressures of B-site Fe3+ at elevated temperatures (Shukla et al., 2016), the magnitude of
VP softeningmight be reduced under lower-mantle P-T conditions. This could provide a plausible explanation
for the seismically observed low correlation between VP and VS in subducted slabs in the mid-lower mantle
caused by spin transition-induced seismic heterogeneities in Fe-bearing bridgmanite (Masters et al., 2000;
Simmons et al., 2010). In comparison, the spin transition of B-site Fe3+ is not expected to occur in (Al,Fe)-
bridgmanite in pyrolitic lower mantle due to the preferential substitution of Al3+ in the B site (Lin et al.,
2016; Shukla et al., 2016). Therefore, normal VP and VS profiles in (Al,Fe)-bearing bridgmanite would be
expected in the lower mantle. Furthermore, if low-spin Fe-bearing bridgmanite existed in deeper parts of

Figure 4. Variations of (a) compressional and (b) shear wave velocities with Fe
and/or Al concentrations (ΔVP/ΔX, ΔVS/ΔX) in bridgmanite at high pressures and
300 K. X is the total Fe and Al content in bridgmanite in mole percent. VP and VS of
pure-MgSiO3 bridgmanite were used as a reference (Chantel et al., 2012;
Murakami et al., 2007). Black dashed lines are extrapolated high-spin Bgm5 at high
pressure for comparison. Literature experimental results on Fe-bearing
bridgmanite [Mg0.95Fe

2+
0.04Fe

3+
0.01SiO3, Bgm5] (Chantel et al., 2012), Al-bearing

bridgmanite containing 5.1 wt % Al2O3 (Jackson et al., 2005), and (Al,Fe)-bearing
bridgmanite [(Mg0.9Fe0.1Si0.9Al0.1)O3, Fe10-Al10-Bgm] (Kurnosov et al., 2017)
are also plotted for comparison. The blue dashed lines are from theoretical
calculations on the spin transition of B-site Fe3+ in bridgmanite [(Mg0.95Fe0.05)
(Si0.95Fe0.05)O3, Bgm10] (Shukla et al., 2016). Blue areas represent the spin
transition region of B-site Fe3+ in our sample. Vertical bars are shown as
uncertainties from standard error propagation.
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the lower mantle, it would be manifested seismically by increased density and VS but normal VP and Poisson’s
ratio. These results challenge previously proposed iron enrichment models for the origin of LLSVPs that are
seismically observed to have reduced VS and increased density (Garnero et al., 2016; Lee et al., 2010).
Further studies on the elasticity of (Al,Fe)-bearing bridgmanite and ferropericlase and associated iron parti-
tioning at lower-mantle P-T conditions especially across their spin and valence transitions are needed to unra-
vel the seismically inferred thermal and chemical heterogeneities of the Earth’s lower mantle.
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